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Abstract: We discuss the main characteristic features in the heliospheric parameters important for the GCR
intensity modulation for the last three solar minima (1986–1987, 1996–1997 and 2008–2009). The model for
the GCR intensity modulation is considered and the set of the model parameters is chosen which allows the
description of the observed GCR intensity distributions at the moments of the maximum GCR intensity in two
solar minima (1987 and 1997) normal for the second half of the last century. Then we try to describe with the
above model and set of parameters the unusually soft GCR energy spectra at the moments of the maximum GCR
intensity in the last solar minimum between cycles 23 and 24 (2009). Our main conclusion is that the most simple
way to do so is to reduce the size of the modulation region and, probably, change the rigidity dependence of the
diffusion coefficient. The change of both parameters is substantiated by the observations of the solar wind and
heliospheric magnetic field.
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1 Introduction
When compared with the solar cycles (SCs) of the sec-
ond half of the 20–th century the minimum 23/24 between
the SC 23 and SC 24 is rather strange. First of all it con-
cerns the record-setting low strength of the solar and he-
liospheric magnetic fields (HMF) and the high GCR in-
tensity [1]–[7], but some other details are also unusual
[3, 8]. Some efforts were made to understand these effects
[9, 10, 11, 12], however there are a lot of questions still.
This paper deals with the GCR intensity distributions
and heliospheric characteristics in the moments of maxi-
mum GCR intensity in the last three solar minima (1987,
1997 and 2009), while the time and energy behavior of the
GCR intensity in the periods of low solar activity around
these minima are considered in the accompanying papers
[13] (observations) and [14] (modeling). First we discuss
the behavior of the main heliospheric parameters important
for the GCR intensity modulation. Then, using a very sim-
ple model, we try to reproduce the observed GCR intensity
distributions (the energy spectrum and latitudinal and ra-
dial gradients) at the moments of the maximum GCR inten-
sity in two solar minima (1987 and 1997) which we con-
sider as normal for the second half of the last century. This
task fixes the set of the constant model parameters. Then
we try to describe with the above model and set of parame-
ters the unusually soft GCR energy spectra at the moments
of the maximum GCR intensity in the last unusual solar
minimum between cycles 23 and 24 (2009).
2 The GCR intensity and heliospheric
parameters in 1980–2013
In Fig. 1 the time profiles are shown of the GCR inten-
sity and the main heliospheric characteristics which, as
we believe, are responsible for the GCR strange features
in the 2000s when compared with the 1980–1990s. The
GCR behavior is illustrated using the data of the regular
balloon monitoring (RBM), the monthly averaged count
rates of the RBM omnidirectional detector in Pfotzer max-
imum above Murmansk, NMum , Rc = 0.6 GV, and Moscow,
NMom , Rc = 2.4 GV [15, 16], and neutron monitor (NM,
Moscow, [17], the effective energy Te f f ≈ 15 GeV). The
heliospheric characteristics near the Earth [18] and the tilt
αt of the heliospheric current sheet (HCS; [19], classic) are
yearly smoothed.
In Fig. 1 one can see the puzzling difference in the
behavior of the low– and high–energy GCR intensities
around the solar minimum 23/24 (2009) when compared
with the previous two minima 21/22 (1987) and 22/23
(1997). In 1997 both intensities attained approximately the
same levels they had in 1987 although there was small
difference because of the magnetic cycle. In 2009 the low–
energy intensity jumped up by ≈ 15 % while the high–
energy one increased by only ≈ 2− 3 % (or even ≈ 0 %
for NM Tsumeb [20]).
It is useful to compare the main heliospheric factors im-
portant for the GCR modulation averaged for one year be-
fore the maxima of the GCR intensity for solar minima
21/22, 22/23 and 23/24. The absolute values of the radial
component Br that strongly influences both the diffusion
and drift of charged particles are 3.05, 2.71, 1.91 nT. The
HCS tilt also important for the drift of GCRs is somewhat
larger in the 2000s than in 1980s and 1990s (12.56, 18.97,
23.85 degs for solar minima 21/22, 22/23 and 23/24, re-
spectively). The solar wind velocity convecting GCR out
of the heliosphere also changes in phase with Br (439,
414, 385 km/s). Note that all of these heliospheric charac-
teristics show gradual change from solar minimum 21/22
through 22/23 to 23/24.
However, beside the above well known characteristics
modulating the GCR intensity there are some factors which
changed rather abruptly with the beginning of SC23. First,
the dynamic pressure of the solar wind ∝ NswV 2sw which
could determine the distance to the termination shock
changed even greater than Br (as 2.5, 2.0, 1.1 in relative
units) for solar minima 21/22, 22/23 and 23/24, respec-
tively. Consequently the effective size of the GCR modula-
tion region (rmax ∝
√
NswV 2sw) could change, see also [21].
Besides, the spectrum of the inhomogeneities for the HMF
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Figure 1: The GCR intensity and heliospheric characteris-
tics in 1980–2013. The periods of solar maxima are shaded.
The times of maximum of GCR intensity are shown by the
dashed vertical lines, while the red stars indicate the level
of some characteristics averaged for one year before these
moments. In the panels: (a) the normalized to 100% for
1987.2 monthly averaged count rates of the RBM omnidi-
rectional detector in Pfotzer maximum above Murmansk
(blue) and neutron monitor Moscow (red); (b) the radial
component of the regular HMF Br; (c) the HCS tilt αt ; (d)
the velocity (blue) and dynamic pressure (red) of the so-
lar wind; (e) the energy density (blue) and the index (red)
of the inhomogeneity spectrum of the HMF component By
normal to the average field.
component normal to the average field changed rather
abruptly around 1997 its index αBy increasing by 20–30 %
[22, 23]. This could result in the different rigidity depen-
dence of the diffusion coefficients (as K‖ ∝ RαR ,αR = 2−
αBy ) for solar minimum 23/24 when compared with min-
ima 21/22 and 22/23. Note that the total energy density
of this HMF component showed no pronounced change
[22, 23].
3 The model
The GCR intensity J(~r,T, t) in the heliosphere in steady
case is described by solving the differential boundary–
value problem for the distribution function U(~r, p, t) =
J(~r,T, t)/p2 [24, 25, 26]:
−∇ · (K ∇U)+~V sw∇U − ∇ ·
~V sw
3 p
∂U
∂ p +
~V dr∇U = 0
(1)
with the usual boundary conditions at r = rmin,rmax and
poles (without termination shock and heliosheath) and the
”initial” condition U |p=pmax = Uum(pmax). Here p and T
are the momentum and kinetic energy of the particles;
pmax = 150 GeV/c and Uum is the distribution function of
the unmodulated GCRs; ~V sw and ~V dr are the solar wind
and GCR drift velocities, respectively. K is the diffusion
tensor with components along the regular HMF, K‖, and
across it in the radial, K⊥r, and latitudinal, K⊥ϑ , directions.
The general expression for the parallel diffusion coefficient
is used, K‖ = K0‖ · 5/Bhm f · f (R), with K0‖ (in 1021 cm2/s)
depending on the sign of A, the dominating HMF polarity,
and f (R) ∝ RαR in some rigidity range, while K⊥r = α⊥r ·
K‖, K⊥ϑ = α⊥ϑ ·K‖. The form of the HMF lines corre-
sponds to the Parker HMF BP with Br,E as the only pa-
rameter, but Bhm f is modified according to [27] (see [28]),
Bhm f = BP · (1+ r2cos2χ · δ 2JK)0.5 where χ is the Parker
spiral angle. Both α⊥ϑ and δJK are made high at high lati-
tudes and small at lower latitudes using the hyperbolic tan-
gent latitude dependence as in [29]. The solar wind veloc-
ity V swr also depends on ϑ in the same way, changing from
V sw,eqr = Vsw,E at low latitudes to V sw,polr = 800 km/s for
ϑ < 90−αt and ϑ > 90+αt . The simple model for the reg-
ular and current sheet drift velocities (as in [30]) is used. So
the set of model parameters
{
K0+‖ ,K
0−
‖ ,α⊥r,α
pol
⊥ϑ ,δ
pol
JK
}
c
is constant, while the changing set of the main heliospheric
parameters {Br,E ,αt ,Vsw,E}m, and possibly, additional set{rmax,αR}a describe the change of the GCR intensity with
time.
As the unmodulated GCR spectrum we used Jum(T ) ={
0.685exp
{
4.47− 0.08(lnT )2− 2.91√T},T ≤ 1
0.685exp{3.22− 2.78lnT − 1.9/T} ,T > 1
(2)
with T in GeV. This unmodulated spectrum is the modifi-
cation of those used in [31, 32] to describe the PAMELA
proton spectrum [33] at GeV energies.
4 The solar minima 21/22 and 22/23
First we tried to find the optimal constant set of the model
parameters to describe the observed space and energy dis-
tributions of the GCR intensity in the solar minima 21/22
(1987) and 22/23 (1997). Note that choosing the constant
set of parameters we tried to get the cross–over of the spec-
tra for A–positive and A–negative minima at Tco ≈ 10 GeV
accounting for the magnetic cycle phase for the RBM and
NM data. In Fig.2 the observed space and energy distri-
butions are compared with the calculated ones using the
constant model set K0+‖ =15, K
0−
‖ =25, α⊥r=0.01, α
pol
⊥ϑ =0.1,
δ polJK =0.39 and the values of the heliospheric parameters
shown by the stars for these solar minima in Fig.1. The
usual values for rmax = 125 AU, αR = 1 were used.
As one can see in Fig.2 the calculations with the above
model set reproduce the observed space and energy be-
havior of the GCR intensity with some exceptions. The
main drawback is the poor description of the radial pro-
file for A > 0 solar minimum 22/23 (1997) seen in Fig.2
(b). The second important case of the discrepancy between
the observed and calculated GCR intensity is that between
the calculated integral intensity and the observed value for
J(> 1500) MeV for both 21/22 and 22/23 solar minima.
It should be noted that the observed integral intensities
J(> 100 MeV) and J(> 1500 MeV) are calculated using
the RBM NMum and NMom and extrapolation to the top of the
atmosphere for NMum and NMu−Mom = NMum −NMom using the
regressions reported in [16]. The values for J(> 100 MeV)
roughly correspond to the unmodulated spectrum used and
GCR intensity in the last three solar minima
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Figure 2: The observed and calculated space and energy
distributions of the GCR protons during solar minima
21/22 and 22/23. The red squares and curves are for the
observed [34] and calculated intensity for A > 0, while the
blue triangles and curves are for A < 0. In the panels: (a)
the colatitude profiles for r = 1 AU, T = 200 MeV; (b) the
radial profiles for ϑ = 90 deg, T = 200 MeV; (c) the differ-
ential and (d) integral energy spectra for r = 1 AU, ϑ = 90
deg. The red and blue triangles in panel (d) show the inte-
gral GCR intensities estimated using the RBM data. The
black dashed lines are for the unmodulated spectra.
to the calculated intensities while the estimated values for
J(> 1500 MeV) are too high.
5 The unusual solar minimum 23/24
Then we tried to describe the energy dependence of the
maximum GCR intensity in the solar minimum 23/24
(2009). As there are no observations for this period at
the intermediate radial distances we do not show the ra-
dial dependence of the calculated intensity. We also do
not illustrate its latitudinal dependence, although there are
the Ulysses data up to the middle of 2009. However, we
checked this dependence and state that the latitudinal gra-
dient of the calculated intensity is very small for all cases
considered.
So only the energy spectra will be discussed of the
intensity calculated for r = 1 AU, ϑ = 90 deg using
the same constant model set as was chosen when repro-
ducing the observations in the solar minima 21/22 and
22/23. The set of the main changing modulating param-
eters {Br,E ,αt ,Vsw,E}t corresponds to these heliospheric
characteristics averaged for one year before the maximum
of the GCR intensity in 2009 (shown by the stars in Fig.1).
So for all cases considered only the parameters of the addi-
tional set {rmax,αR} change.
As observed data for this minimum 23/24 we use the
differential spectrum measured for 80 < T < 43000 MeV
by PAMELA in December 2009 [33] and the integral in-
tensities J(> 100 MeV) and J(> 1500 MeV) estimated
from the RBM experiment using the procedure already dis-
cussed. Beside the absolute differential and integral GCR
spectra observed and calculated for solar minimum 23/24,
we consider the relative spectra, the ratios of the spectra for
the minima 23/24 (2009) and 21/22 (1987) when the HMF
polarity was the same (A < 0). As spectral data for 1987
we use the differential proton spectrum J(80 < T , MeV
< 230) measured by IMP8/GME in 01–05.1987 [34] and
again the integral intensities estimated from the RBM ex-
periment. At high energies the neutron monitor data are
used for middle latitude (Moscow, the effective energy
Te f f ≈ 15 GeV) and also for the low latitudes (Tsumeb,
Te f f ≈ 20 GeV).
Figure 3: The observed and calculated energy spectra of
the GCR protons near the Earth in the solar minimum
23/24. In the panels: (a) the absolute differential spectra
with the black rectangles for PAMELA data and the en-
larged maximum part of the spectra in the insert; (b) the
absolute integral spectra with the black triangles for the
RBM data; (c) the relative to 1987 differential spectra with
the low energy black rectangles for the ratios of PAMELA
(2009) and IMP8/GME (1987) data, the high energy black
rectangles for the ratios of neutron monitor Moscow and
Tsumeb data for 2009 and 1987 and the enlarged high en-
ergy part of the spectra in the insert; (d) the relative to 1987
integral spectra with the black triangles for the ratios of
the RBM data for 2009 and 1987. The upper black dashed
curves in the upper panels are for the unmodulated spectra.
Lines of different color and style are for different sets of
additional parameters (see text).
First we tried the usual values rmax = 125 AU, αR = 1
for the additional parameters. The energy spectra for this
case are shown by the black solid lines in all panels of
Fig.3. As can be seen the calculated GCR intensity for this
case is too low especially for the relative integral spectrum
and the low energy particles. The change of only αR =
0.8 (the black dashed curves) makes the description even
GCR intensity in the last three solar minima
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worse, while the change of only rmax = 80 AU (the blue
solid curves) results in the too high differential and integral
spectra (both absolute for 2009 and relative to 21/22 solar
minimum).
The simultaneous change of both rmax = 80 AU and
αR = 0.8 (the blue dashed curves) makes the description
for the low energy differential spectra better, but the high
energy relative differential spectrum and the integral spec-
trum lay much below the observed data. At last the calcu-
lations with rmax = 90 AU, αR = 1 (the red solid curves)
look as acceptable, if we use the Moscow NM data as the
high energy observations. On the other hand the differen-
tial spectra calculated with rmax = 90 AU, αR = 0.8 (the
red dashed curves) are acceptable, if the Tsumeb NM data
are used. However, the last case totaly contradicts to the
RBM integral data. The intermediate case (rmax = 90 AU,
αR = 0.9; the violet solid lines) is the best in general and
is our choice for the calculations of the time and energy be-
havior of the GCR intensity around the 23/24 solar mini-
mum in [14].
Note that the use of lower αR (the dashed curves) re-
sulted in the decrease of the high energy spectra in 2009
when compared with 2009 in conformity with the NM
Tsumeb data. Nevertheless how to imitate properly the
change of the HMF inhomogeneities spectrum reported in
[22, 23] is still an open question.
Only the spectra for A–negative period (2009) are
shown in Fig.3. However, we calculated them also for the
A > 0 cases with the same parameters and the yellow stars
shown in the upper panels of Fig.3 indicate the crossovers
of the calculated spectra for the last case (rmax = 90 AU,
αR = 0.9). For the differential energy spectra Tco = 51.7
GeV (in contrast to Tco = 9.3 GeV for the pair of solar
minima 21/22 and 22/23). It means that if the heliospheric
situation during the next solar minimum 24/25 (≈ 2018) is
the same as that in the minimum 23/24, then according to
our calculations the maximum intensity for all cosmic ray
detectors including the high energy ones (neutron moni-
tors, the muon telescopes) will be higher in 2018 than in
2009, in contrast to what is observed in 1997 when the neu-
tron monitors counted less high energy cosmic rays than
in 1987.
6 Conclusions
1. When we compare the last three solar minima we can
isolated two group of the heliospheric factors important
for the GCR modulation. The first group includes the main
modulating factors: the strength of the heliospheric mag-
netic field, the tilt of the heliospheric current sheet and
the solar wind velocity, all of these characteristics showing
gradual change from solar minimum 21/22 through 22/23
to 23/24. The second group includes the additional helio-
spheric factors: the dynamic pressure of the solar wind and
the spectral index of the heliospheric magnetic field inho-
mogeneities, these characteristics changing rather abruptly
with the beginning of solar cycle 23.
2. Using rather simple model it is possible to reproduce the
main features of the space and energy behavior of the GCR
intensity in the solar activity minima 21/22 and 22/23 us-
ing some set of the model parameters, the main modulat-
ing factors averaged for one year before the moments of
maximum GCR intensity and the usual additional factors:
the effective size of the modulation region rmax = 125 AU
and the index of the rigidity dependence of the diffusion
coefficients αR = 1.
3. The most simple way to describe the unusually soft en-
ergy dependence of the maximum GCR intensity near the
Earth in the last solar minimum 23/24 (2009) is to use
the lower additional factors: rmax = 90 AU and, probably,
αR = 0.9. This reduction of the modulation region and
change of the rigidity dependence of the diffusion coeffi-
cient is substantiated by the observed degradation of the
solar wind and getting more laminar heliospheric magnetic
field during solar cycle 23.
4. If the heliospheric situation during the next solar mini-
mum 24/25 (≈ 2018) is the same as that in the minimum
23/24 (except the polarity of the heliospheric magnetic
field), then the maximum intensity for all cosmic ray detec-
tors including the high energy ones (neutron monitors, the
muon telescopes) will be higher in 2018 than in 2009.
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